Background Although neurostimulation has been shown to be of benefit in angina pectoris, the exact mechanism of its action is not clear. This study was performed to examine the effect of transcutaneous electrical nerve stimulation on coronary blood flow.
Methods and Results The effect of transcutaneous electrical nerve stimulation was studied in 34 syndrome X patients (group 1), 15 coronary artery disease patients (group 2), and 16 heart transplant patients (group 3). Coronary blood flow velocity (CBFV) in the left coronary system was measured at rest and after a 5-minute stimulation period with a Judkins Doppler. There was a significant increase in the resting CBFV in group 1 (from 6.8±4.1 to 10.5±5.7 cm/s, P<.001) and group 2 (from 6.8±4.1 to 10.5±5.7 cm/s, P<.001). However, there Du uring the last decade, electrical neurostimulation has developed as a means of therapy for control of pain and has been shown to be useful in a variety of chronic painful conditions.'-3 Recently, it has also been shown to have a beneficial effect in the treatment of ischemic pain.4-7 Transcutaneous electrical nerve stimulation (TENS) treatment has also been shown to be of benefit in angina.8-1" In patients treated with TENS there was a reduction in chest pain, an increase in work capacity, and a decrease in ST segment depression at a comparable workload. This improvement persisted during the posttreatment follow-up period of 2 weeks. Improved tolerance to pacing and improved lactate metabolism also have been demonstrated after TENS treatment.
The connection between ischemia and pain is complex, and it is not known how neurostimulation influences this. One of the several possibilities is that TENS may increase coronary blood flow, thus reducing ischemia. Certainly, it has been shown that epidural neurostimulation improves microvascular blood flow in peripheral vascular disease.4-7The aim of this study was to test the hypothesis that TENS treatment may relieve the ischemia of angina by increasing coronary blood flow.
Methods Patients Group 1. This group comprised 34 patients with typical symptoms of angina and completely normal coronary arteries on angiography as reviewed by two independent observers. All was no significant change in the resting CBFV in group 3. There were no significant changes in the coronary arterial diameters as a result of neurostimulation. There was a significant decrease in the epinephrine levels in group 16 patients with heart transplants and completely normal coronary arteries on angiography. None of these patients had chest pain. These patients were undergoing their routine follow-up cardiac catheterization. Coronary occlusive disease is the main cause of morbidity and mortality more than 1 year after orthotopic cardiac transplantation.12 Clinical monitoring for the detection of coronary occlusive disease is dependent on serial coronary angiography. Currently, we follow our transplant patients annually with repeat coronary angiography; the patients studied were recruited over a period of 3 months. The duration after transplantation of the patients studied was variable and was determined by the patients scheduled for repeat coronary angiography and giving consent for the study during this period. The minimum duration after transplantation was 12 months and the maximum 100 months. None of the patients Resting coronary blood flow velocity, heart rate, and mean arterial and systolic blood pressures were recorded on a Mingograf recorder (Siemens-Elema, Sweden). The transcutaneous nerve stimulator was then turned on for 5 minutes, and the measurements were repeated immediately after the treatment period. The coronary angiograms were repeated in the preselected views immediately after recording the above data.
Quantitative Measurements
Quantitative measurements of the coronary artery diameters were performed using digital electronic calipers (Sandhill Scientific Inc). This method has been used previously to assess the arterial diameter of coronary vessels and is reproducible with minimal interobserver and intraobserver variation. [15] [16] [17] The digital caliper is an application of the concept first described by Gensini et al.18 The device has a variability (standard deviation of multiple estimates) approximating ±6% on estimates of "percent stenosis" and +0.18 mm on estimates of minimal lumen diameter.'9 The mean error of the caliper estimates is not different from zero. '9 It has been shown previously in animal experiments that resting coronary flow is not affected until the coronary arterial diameter is reduced by 85%, and the capacity to increase flow over resting basal levels in response to a vasodilatory stimulus does not disappear until constriction of the arterial diameter of >85%.20 Studies in humans have suggested that a 50% to 70% reduction in coronary diameter is necessary before coronary flow reserve is affected.2' The digital caliper provides adequate resolution and accuracy to detect any significant changes in coronary arterial diameter that may lead to changes in coronary blood flow. Two selected views were taken and projected by a Tagarno system onto a sheet of paper. The arterial diameters of the left anterior descending coronary artery and the circumflex artery were measured from tracings of the projected images in diastole, at a distance of 3 cm from the tip of the Doppler catheter. The diameter for each artery was calculated as the mean of the measurements of the two views. The measurements were performed by two independent observers so that interobserver and intraobserver variation could also be calculated.
Reproducibility
To assess the reproducibility of the effects of TENS, we repeated the study in 10 chest pain patients (group 1), 10 coronary artery disease patients (group 2) in whom there was at least a 25% increase in the resting coronary blood flow velocity, and in 10 transplant patients (group 3). In all patients, the coronary flow velocity was allowed to return to the original resting level after the initial TENS treatment before continuing with this part of the study. In addition, in these patients we also measured epinephrine and norepinephrine levels in the aortic root before and after the application of TENS.
Catecholamine Measurements
The effects of neurostimulation have been likened to those of sympathectomy, and it has been suggested previously that neurostimulation may inhibit sympathetic outflow.'0 To study the effect of TENS on serum catecholamine levels in our study, blood samples were taken from the aortic root before and after 
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Results Table 1 shows relevant patient information, blood results, and drug treatment details. Of the transplanted patients, 10 originally underwent transplantation for ischemic heart disease. The remaining 6 patients were transplanted for dilated cardiomyopathy.
Systemic Hemodynamic Effects
In all three groups there were no significant systemic hemodynamic changes induced by TENS treatment. There were no significant differences in heart rate, systolic blood pressure, or mean arterial pressure. As a result, there was no significant difference in the ratepressure product (see Table 2 ). Coronary Blood Flow Velocity Changes
There was a significant increase in the resting coronary flow velocity in group 1 patients (6.8±4.1 to 10.5+±5.7 cm/s, Fig 1) and group 2 patients (6.4±2.5 to 11.3+6.7 cm/s, Fig 2) after TENS treatment. However, TENS treatment did not increase the resting coronary flow velocity in group 3 (7.7+4.1 versus 7.5+±4.1 cm/s, Fig 3) . There was no difference in the resting coronary flow velocity or in the response to TENS between men and women in groups 1 and 2 (see Tables 2 and 3 ).
Coronary Artery Diameter Measurements
Arterial diameter measurements were reproduced with minimal interobserver (r=.90) and intraobserver variation (r=.91). There was no significant difference in the arterial diameters of the left coronary system as a result of TENS in all three groups (Table 4) .
Reproducibility
There was again a significant increase in the coronary blood flow velocity in group 1 and group 2 patients but not in group 3 patients after the application of TENS. Once again, there were no significant hemodynamic changes induced by TENS (Table 5) .
Catecholamine Measurements
In group 1 patients, there was a significant decrease in the arterial epinephrine concentration (P=.01) after TENS application. However, there was no significant difference in the norepinephrine levels. Similarly, there was a significant decrease in the arterial epinephrine concentration (P=.01) in group 2, and there was no significant difference in the norepinephrine levels. In group 3 patients, both the epinephrine and norepinephrine levels showed no significant change after TENS application.
Discussion
Coronary flow measurements are being used increasingly in clinical cardiology. Until recently, inaccuracies had limited the methods of assessing coronary blood flow. ments that would have been required in vessels with significant coronary artery disease were not necessary.
The aim of our study was to investigate whether TENS can influence coronary blood flow. Our study has shown that TENS can increase coronary blood flow velocity significantly in the chest pain group of patients (groups 1 and 2), although it had no significant effect on the transplant patients (group 3). The effect of TENS on the coronary blood flow velocity in these patients was highly reproducible. Moreover, TENS did not significantly affect systemic hemodynamics. The level of arterial epinephrine decreased significantly after TENS treatment in the chest pain patients (groups 1 and 2), although the level of norepinephrine was unchanged. The arterial catecholamine levels were unchanged in the transplant group (group 3).
How does neurostimulation work? The understanding of the effects of neurostimulation in patients with pain is based on the theory of segmental pain inhibition postulated by Melzack and Wall.23 Their gate control theory states that inhibition of the flow of pain impulses occurs at the first synaptic station in the spinal cord by means of a presynaptic neuron system. They assumed that this system was fed by collateral nerves from both large afferent A fibers, which do not transmit pain, and small myelinated and unmyelinated C fibers. The C fibers inhibit the system and thus prepare the way for increased transmission (the gate was opened), whereas activity in A fibers excited the system and thus resulted in suppression of the transmission to the next neuron chain (the gate was closed). This theory gives a crude explanation for the variability of pain sensation. Highfrequency electrical stimulation with pulse widths of between 100 and 200 milliseconds, which stimulates the large A fibers but not the C fibers, reduced the sensation of pain.1 There is additional evidence that TENS may act by releasing endorphins and inhibiting transmission of noxious stimuli on various levels.24,25 TENS may exert its pain-reducing effect on anginal pain by activating enkephalinergic systems either at segmental levels in the spinal cord or possibly locally in the heart.26 '27 The effects of neurostimulation have been likened to sympathectomy. Although the relief of the pain of angina alone may indirectly reduce ischemia by reducing reflex sympathetic nervous activity, stimulation of the dorsal column may have a direct effect. Stimulation of the dorsal column may lead to a spread of currents into the intermediate columns of the gray area, releasing segmental spinal reflexes that tonically inhibit sympathetic discharge, and this may cause vasodilatation. It has been shown that prostaglandins also may play a role in mediating the increase in skeletal muscle blood flow caused by activity in the afferent fibers.28 A similar mechanism may be active in the heart. It is postulated that TENS may produce its analgesic effects by inhibiting sympathetic outflow by influencing the connection between pain fibers and sympathetic neurons in the dorsal horn of the spinal cord as a result of activation of segmental reflexes.
Previous studies have shown that treatment with TENS in patients with angina reduces pain, increases tolerance to pacing, improves myocardial lactate metabolism, and is associated with less pronounced ST segment depression.8-11 In long-term studies, the group treated with TENS demonstrated an increased work capacity as assessed by repeated bicycle ergometry tests, had reduced frequency of angina attacks, and had a reduced consumption of nitrates.8 It has been suggested that this beneficial effect of TENS is due to an antianginal as well as an anti-ischemic effect. One mechanism of action suggested in these studies has been that there may be left ventricular afterload reduction caused by arteriolar dilatation, indicated by a drop in systemic vascular resistance and systolic blood pressure and a rise in cardiac index leading to a decrease in myocardial oxygen demand. That these effects may be associated with decreased sympathetic activity was thought to be indicated by a drop in arterial concentration of norepinephrine and epinephrine in patients in whom angina disappeared during treatment at corresponding pacing rates. 10 TENS has been shown to cause a significant decrease in the blood pressure of hypertensive rats.29 In humans, TENS treatment to control the pain of parturition has been shown to increase placental blood flow.30 TENS also causes vasodilatation in patients with peripheral Kaada et a132 have shown that TENS can cause a significant lowering of mean femoral arterial pressure and systemic vascular resistance. This effect was considered to be due to an increase in peripheral microcirculation as a result of inhibition of the sympathetic system. Does neurostimulation increase coronary blood flow? Noninvasive studies have suggested that there is less ischemia in some patients. [8] [9] [10] [11] 33 However, other studies have shown that although there was a reduction in angina, an increase in the time to onset of ischemia, and a higher perfusion at rest during stimulation than in controls, there was no significant increase of perfusion to abnormal segments after maximal exercise as assessed by positron emission tomography.34 It has been suggested that any changes in the perfusion caused by neurostimulation are small, occur mainly in the ischemic areas, and will be difficult to detect in the heart. It may be that neurostimulation can result in the adjustment of local flow without any increase in total flow, for example, the so-called "Robin Hood effect" of aminophylline.35 However, our study has demonstrated that TENS can increase the resting coronary flow velocity, and this may support the findings of Landsheere et al,34 who reported an increased perfusion during stimulation than in controls.
Similar to most other previous studies, our study does not demonstrate any effect of TENS at rest on systemic hemodynamics. [8] [9] [10] In the study reported by Kaada et al,32 which showed that TENS application can significantly lower mean femoral arterial pressure, the duration of TENS treatment was 20 minutes, and lowfrequency electrical nerve stimulation (2 Hz) was used. In our study, high-frequency (150 Hz) electrical nerve stimulation was used, and the duration of stimulation was only 5 minutes. It has been claimed previously that high-frequency electroacupuncture (100 Hz) causes mainly segmental analgesia, whereas the effects of lowfrequency stimulation (< 10 Hz) are more generalized in both humans and animals.36 It may be that high-frequency TENS given for the short duration in our study did have a predominantly segmental effect, and this may explain the lack of any effect on the mean arterial pressure. If the duration had been prolonged, then we may have seen a systemic effect.
One possible mechanism by which TENS treatment may influence coronary blood flow may be by affecting the coronary vascular tone as a result of changes in the neural tone. We studied the transplant group because the heart in these patients is denervated and they provide an in vivo model of a denervated heart. It is interesting to note that TENS treatment did not affect the resting coronary blood flow velocity in the transplant group, although there was a significant increase in the chest pain groups. This would also suggest that the mechanism by which TENS may affect coronary blood flow may have an underlying neural basis.
There was necessarily a substantial variability associated with physical application of the electrical stimulation dependent on patient tolerance to the stimulation and the positioning of the electrodes over the painful areas. However, the technique used is similar to other reported studies.8-11 The interelectrode distance was the same (20 cm) in most patients and is unlikely to have influenced the difference seen in the response to TENS. Also, in each case, the patient acted as their own control. It may be argued that there was no effect seen in the transplant group because of their previous surgery and the resulting sternotomy scars, which may have resulted in differences in sensitivity to TENS and pain perception or a failure of TENS transmission. In all our transplant patients, the electrodes were placed well clear of the sternotomy scar on either side of the midline. In the only patient with a previous sternotomy scar from cardiac surgery in our study (patient 11, group 2, Table 3 ), there was a significant increase in coronary flow velocity in response to TENS, which suggests that sternotomy scars do not lead to failure of TENS transmission. Indeed, one would not expect sternotomy scars to interfere with TENS transmission on anatomic grounds because the innervation of the anterior chest wall is symmetrically segmental. Furthermore, TENS treatment has been shown to be effective in relieving pain after thoracotomy and to reduce the incidence of lung atelectases. 37 The heart rate, systolic blood pressure, and the rate-pressure product were higher in group 3. It has been shown in heart transplant patients that increases in heart rate produce an increase in resting coronary flow velocity without a proportionate increase in the hyperemic coronary flow velocity.38 Consequently, coronary flow reserve measurements decrease with increasing heart rate. However, there is little reduction in the hyperemic coronary flow velocity in absolute terms with increasing heart rates of up to 120 beats per minute.38 A similar study in patients undergoing elective coronary angiography for the evaluation of chest pain has demonstrated that sudden increases in heart rate but not mean arterial pressure lead to a substantial reduction in maximal coronary flow reserve-from 3.7±0.9 at the heart rate of 71±18 beats per minute at rest to 2.6±0.5 during pacing at 120 beats per minute.39 It is therefore possible that the higher resting heart rate in the transplant group may have resulted in the failure of the transplant patients to respond to TENS. However, it is of note that even at the heart rate of 120 beats per minute in Rossen and Winniford's study,39 there was still a mean increase in coronary flow velocity by 2.6-fold from the resting values, indicating that the ability of the coronary microcirculation to increase coronary blood flow toward hyperemia is still preserved although it may be impaired. It would not be unreason-able to assume that the higher resting heart rate (94±11 beats per minute) in the transplant group compared with the other groups in our study would not lead to a total lack of response to TENS because the increased heart rate would not completely abolish the ability of the coronary circulation to increase coronary flow, although this possibility cannot be entirely excluded. Increases in arterial pressure increase both the resting and hyperemic coronary flow velocities.38 Consequently, the coronary flow reserve remains unaffected. We would not expect the increased systolic pressures to affect the ability of the coronary circulation in transplant patients to respond to TENS.
The increase in coronary flow velocity in the chest pain groups, in the absence of a significant difference in arterial pressure and heart rate, may have resulted from a change in the coronary artery diameter. However, the quantitative measurements of the artery diameters before and after TENS have shown that there was no significant change in the vessel diameters. If TENS does indeed affect the coronary circulation, then the possible mechanisms of its actions are not clear. It may either alter the neural tone of the coronary microvasculature without affecting the large epicardial vessels, thus resulting in increased blood flow, or may produce a similar effect by causing the local release of substances that are able to affect the microcirculation. There has been some interest previously in the search for the mediators of vasodilation peripherally produced by TENS, but no active vasodilator has been identified in the heart. 32 There was variability in the response to TENS in groups 1 and 2 that was independent of threshold stimulation and the site of electrode placement. This may suggest individual differences in sensitivity to neurostimulation and underlines the complex mechanisms that may be responsible for the effects of TENS.
The results of the catecholamine measurements are in keeping with previous studies and suggest sympathoinhibition.10,32 Emanuelsson et a110 suggested that the reduction in the sympathetic activity during TENS was mainly secondary to pain relief rather than a direct influence on the sympathetic system. However, there is other evidence supporting the theory that, in addition to its pain-relieving effect, TENS may influence autonomic systems by suppressing sympathetic overactivity.31 Our study also supports this because none of the patients during the study experienced any chest pain, and the reduction in arterial epinephrine level occurred as a result of the effect of TENS at rest in the absence of any ischemia.
Study Limitations
Our study was open and therefore was exposed to bias. It is almost impossible to design a blind study of treatment with TENS because there is no placebo equivalent for the sensation of transcutaneous neurostimulation. However, in our study, the patients acted as their own control, and the results of the reproducibility study demonstrated consistent responses in the chest pain and transplant patients.
Evidence now exists for spontaneous reinnervation of the transplanted heart and restoration of sinus arrhythmia and baroreceptor function.40 None of the transplant patients studied demonstrated sinus arrhythmia on ECG recordings. However, it has been shown recently that the response of the sinus node to stimulatory maneuvers cannot be taken as evidence for or lack of reinnervation of the remainder of the heart because reinnervation after cardiac transplantation is regionally heterogenous.41 We did not perform tyramine studies in the transplant patients for the presence of reinnervation, which may have helped us to partition the attenuated response of these patients to a peripheral sensor reception problem or a central effect.
All the transplant patients were on immunosuppression therapy, which was continued. It is possible that these drugs may have affected pain threshold and coronary vasoreactivity. However, we are not aware of any evidence to suggest this possibility. Coronary microvascular vasodilatory responses after cardiac transplantation do not seem to be affected by cyclosporine.42
Conclusions
TENS can reproducibly increase resting coronary blood flow velocity. The lack of any effect in the transplant patients suggests that the effect of TENS may be mediated by neural mechanisms. The lack of any changes in the large epicardial coronary artery diameter suggests that the site of vascular action is at the microcirculatory level. These may vasodilate, causing an increase in coronary blood flow as a result of a local production of vasodilatory substances or directly by a reduction in sympathetic activity or both. Our study does suggest a decreased sympathetic activity locally in the heart, although any accompanying production of vasodilator substances cannot be ruled out.
